Investigation performed at the University of Virginia, Charlottesville, Virginia ä Most major U.S. professional sports and the National Collegiate Athletic Association (NCAA) have adopted concussion policies. Current National Football League and NCAA guidelines do not permit an athlete with a concussion to return to play on the same day as the injury. No adolescent or high-school athletes with a concussion should be allowed to return to play on the same day regardless of severity.
ä Loss of consciousness is uncommon with concussion.
ä Acute concussion symptoms are generally self-limited, and most symptoms typically resolve within two weeks. Concussion risk and severity may be affected by age, sex, and genetic predisposition.
ä Athletes with a concussion should rest physically and cognitively until symptoms have resolved at rest and with exertion. Rehabilitation following concussion progresses through a stepwise graded fashion.
ä Neuropsychological testing can provide objective data on an athlete after a concussion. However, it alone cannot be used to diagnose a concussion or determine when an athlete is allowed to return to play.
ä Retirement from contact or collision sports may be necessary for an athlete who has sustained multiple concussions or has a history of prolonged symptoms after concussions.
ä Long-term effects of concussions are still relatively unknown, and further research is required to offer guidance for athletes of all levels.
Approximately forty-four million adolescents and 170 million adults in the United States participate in organized and recreational sports annually 1 . Many sporting activities place participants at risk for brain injury including concussions. The U.S. Centers for Disease Control and Prevention (CDC) estimated the annual sports-related concussion incidence to be between 1.6 and 3.8 million 2 . As a result of the increasing incidence, many national initiatives, including the CDC's ''Heads Up'' program (Table I) , have been developed to raise concussion awareness among coaches, players, and parents.
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day as the injury. Many other states have subsequently either passed or are considering similar legislation.
While media coverage has raised public awareness and has called attention to the issues surrounding sports-related concussion, the goal is to have the treatment of athletes driven by available scientific evidence and not media anecdotes. The management of athletes who have sustained concussions can be complex. While the athlete should remain the central figure, the ability to deliver optimal care will involve coaches, athletic trainers, and even parents and teachers in the cases of student athletes. This article highlights the current state of understanding regarding sports-related concussions.
Definition of Concussion
Unlike fractures, concussion can be hard to recognize and diagnose, given the lack of a specific test or finding. Furthermore, use of terms such as ''dings'' or having one's ''bell rung'' are still commonplace, and may diminish the perception of injury severity and perpetuate the notion that concussion is something an athlete can play through. These factors may ultimately result in erroneous premature return to play. In an attempt to arrive at a consensus position, three international symposia on Concussion in Sports (CIS) have been held since 2000 [5] [6] [7] . The latest CIS symposium, held in 2008, defined concussion as ''a complex pathophysiological process affecting the brain, induced by traumatic biomechanical forces.'' 6 Concussion is defined as having five major clinical features (Table II) 6 .
Epidemiology of Concussion and High-Risk Populations
The incidence of athletic activity-related head injuries is rising 8, 9 . Sports-related concussion is within a spectrum of traumatic brain injuries and has an estimated annual incidence in the U.S. of up to 3.8 million 1 . These rates are higher than in prior reports. This is partly attributed to earlier diagnostic criteria 3. Concussion may result in neuropathological changes, but the acute clinical symptoms largely reflect a functional disturbance rather than a structural injury. 4 . Concussion results in a graded set of clinical symptoms that may or may not involve loss of consciousness. Resolution of the clinical and cognitive symptoms typically follows a sequential course; however, it is important to note that, in a small percentage of cases, postconcussive symptoms may be prolonged. mandating the presence of loss of consciousness for a concussion diagnosis. Studies, however, have shown that loss of consciousness only occurs in a minority of athletes who have sustained concussions [10] [11] [12] . Guskiewicz et al. reported an incidence of loss of consciousness of only 8.9% (eighty-nine episodes after 1003 concussive injuries) among collegiate and high-school football players who had sustained concussions 11 . Adolescents, between the ages of ten and nineteen years, are most vulnerable to sustaining athletic activity-related head injuries 8 . In terms of organized sports, American football has the highest number of sports-related concussions although hockey has the highest incidence (Table III) 13,14 . For female athletes, hockey, soccer, and basketball are high-risk organized sports.
In addition, activity-related risk, concussion risk, and severity may also be affected by age, sex, and genetic predisposition. Young athletes, such as high-school students, take longer to recover cognitively on the basis of neuropsychological testing compared with college and professional athletes [15] [16] [17] , usually by a period of seven to ten days 18 . Female athletes also have an increased risk of concussion as well as an increased duration and severity of symptoms once diagnosed 16, 19 . The reason for the age and sex difference is unclear. Furthermore, genetic predisposition has also been implicated, particularly individuals carrying the apolipoprotein E epsilon4 allele. This allele has been associated with a greater risk for sustaining a concussion and higher severity once one occurs [20] [21] [22] . Other genes that have been implicated include catechol O-methyltransferase (COMT), dopamine D2 receptor (DRD2), angiotensin-converting enzyme (ACE), calcium channel alpha 1 (CACNA1A), and p53, although the exact cause-relationship of these genes is unclear 23 .
Pathophysiology of Concussion
The pathophysiology of concussion remains a topic of research and debate. Most agree that concussion is caused by a sentinel event consisting of acceleration-deceleration and rotational forces on the brain 24 . Animal models demonstrate that a series of neurophysiologic events are put in motion beginning with destabilization of the neural cell membrane [25] [26] [27] . The cell membrane disruption leads to ion channel alterations and efflux of potassium and glutamate, an excitatory amino acid. The neural cell then works to restore normal ion balance, which leads to excess adenosine triphosphate and glucose consumption and lactate accumulation. At this point, oxidative metabolism is impaired 28 , and a hypometabolic state subsequently ensues from continued depletion in energy stores, which may last up to four weeks 24 . Calcium also accumulates in the cell, which further impairs oxidative metabolism and sets the stage for neuronal cell apoptosis 28 . New theories surrounding repetitive traumatic brain injury suggest that this process may not be self-limited or transient as previously believed. The duration of the altered metabolic state of the brain following repetitive injury or second impact syndrome, as well as the long-term effects, is a major component of ongoing research 29, 30 .
Signs and Symptoms of Concussion
The complexity of concussions extends beyond the pathophysiology. The signs and symptoms of concussions cross a broad spectrum (Table IV) . The CDC breaks these down into four categories: physical, cognitive, emotional, and sleep 31 . Many of the early symptoms are not specific to sports-related concussion. This, combined with the athlete's lack of recognition or unwillingness to report symptoms, reinforces the importance of a careful and thorough evaluation whenever a concussion is suspected 32 . Headache is the most often reported symptom of concussions, but it is a symptom with multiple etiologies 11, 33, 34 . While loss of consciousness is uncommon with concussions, when present, it can represent a more severe injury pattern. Loss of consciousness of greater than one minute has been shown to be associated with more serious injury and longer time to recovery 34 . Amnesia, prolonged confusion, and subjective fogginess are also potential signs of more severe injury and prolonged recovery 10, 35, 36 .
Initial Assessment
In-Game Assessment and Management The initial assessment of an athlete who has sustained a head blow, particularly when he or she has lost consciousness, should begin with assessing the airway, breathing, and circulation. The cervical spine should be stabilized and precautions maintained until neurologic function can be thoroughly assessed and it has been determined that the patient does not have any neck pain or tenderness. Transportation to a medical facility should occur in any situation when the cervical spine cannot be cleared. If cervical spine clearance is possible, then further assessment can occur on the sideline. 
Sideline concussion assessment should consist of evaluating the athlete's symptoms and neurological examination. There are a number of sideline assessment tools available for sportsrelated concussions, including Maddocks' questions 37 , the Standardized Assessment of Concussion 6 , and the Sport Concussion Assessment Tool (SCAT 2) 6 . Assessment of postural stability with use of the Balance Error Scoring System (BESS) is effective as well 38 . It is important to recognize that these sideline assessment tools are an abbreviated evaluation for the in-game setting and that each should be followed by comprehensive clinical evaluations. Furthermore, the reliability of these tools, such as BESS, can be biased by different factors such as practice effect (i.e., athletes performing better on a test they have taken before) 39, 40 . After the initial assessment, an athlete who has sustained a concussion should be monitored serially on the sideline. Any athlete who demonstrates progression of symptoms should trigger immediate referral to a medical center for urgent evaluation.
The policy on return to play on the same day following concussion varies with each sporting organization and is controversial. Both the NFL and NCAA concussion policies prohibit athletes suspected of having a concussion from returning on the same day 41 . Common policies across the major professional U.S. sports include a requirement that a decision for return to play be based on the assessment by the team physician and staff familiar with concussion management 3 . In terms of adolescent or highschool athletes, the general consensus based on the recent CIS statement is to be conservative and withhold any young athlete who is suspected of having sustained a concussion from returning to sports the same day, regardless of severity 6, 42 . Initial management of the athlete includes rest (cognitive and physical), and the athlete is not allowed to participate in any practices, training, or competition until symptoms have resolved.
Outpatient Assessment and Neuropsychological Testing
After the event, an athlete who has sustained a concussion should be seen in the clinical setting. A complete neurological examination and assessment, including eliciting any history of concussions or head trauma, should be performed. On the basis of the CIS statement, imaging, such as computed tomography (CT) and magnetic resonance imaging (MRI) scans, is not recommended as a routine part of sports-related concussion management 6 . If there is a concern for a structural intracranial or cervical (Table I) 44, 45 . The addition of neuropsychological testing provides an objective assessment tool that assists clinicians in concussion diagnosis and return-to-play decisions. In a case-control study, Van Kampen et al. reported a net 19% increase in concussion diagnosis sensitivity, from 64% to 83% of 122 athletes with concussions, after the addition of ImPACT testing compared with diagnosis on basis of symptoms alone 46 . Likewise, the prognostic value of neuropsychological testing has been evaluated as well. Iverson administered computerized neurocognitive testing within seventy-two hours of injury to high-school athletes who had sustained a concussion 47 . Athletes who required more than ten days to recover were more likely to achieve multiple scores below the 10th percentile relative to normative data.
While neuropsychological tests have proven to be a valuable tool in concussion management, to our knowledge, no evidence-based data exist to establish when to administer the test as well as the frequency of testing following a concussion. Lovell provided a framework from which to base decisions 48 . Ideally, an athlete should undergo a neuropsychological evaluation seventy-two hours after sustaining a sports-related concussion. If deficits are present, follow-up cognitive testing is recommended five to seven days later. Subsequent weekly or biweekly intervals are then used to monitor and track an athlete's recovery. While the clinical outlines, such as the one provided by Lovell, are useful, further research is needed to establish validated protocols and determine the optimal time for administering and repeating neuropsychological tests following a sports-related concussion.
Management
Rest Current consensus regarding treatment of sports-related concussions is physical and cognitive rest 6 . Physical rest is achieved by removing the athlete from activities that may place him or her at risk for further injury and from strenuous exercises, such as aerobic conditioning and strength training. While exercise is discouraged for the athlete who has sustained an acute concussion, there may be a beneficial role for early light exercises for a protracted concussion. In a small, prospective case series of thirteen patients, Leddy et al. evaluated the role of a subsymptom threshold exercise program in athletes and nonathletes with postconcussion syndrome 49 . Subjects were placed on a supervised treadmill regimen for three weeks, and supervised patients reported subjective improvement with regard to postconcussion syndrome symptoms as well as having returned to their respective work and/or sport.
Unlike physical rest, cognitive rest may be harder to grasp conceptually and achieve during the recovery period. The academic workload and school attendance for student athletes who have sustained a concussion may need to be adjusted 6 . Studies have demonstrated that athletes who have sustained a concussion have cognitive deficits compared with their baseline preseason function 45, 46, 50, 51 . As a result, both memory and mental processing speed can be negatively impacted, which may affect academic performance and grades. Hence, athletes who have sustained a concussion may require adjustments to minimize endeavors that require prolonged concentration and attention after a concussion. This restriction extends to nonacademic activities that require concentration and attention as well, such as leisure reading and video games. Recognition of these facts may help the athletes to preserve their grades and facilitate their rehabilitation during the recovery process.
Role of Medications
The available evidence documenting the efficacy of medications for the treatment of postconcussion symptoms is mixed 52, 53 . No effective pharmacological treatment regimen can expedite a concussed athlete's recovery. Guidance on when to use medications is similarly lacking in the literature. Most athletes who sustain a sports-related concussion should have resolution of their symptoms and return to baseline function within two weeks. However, some athletes have lingering symptoms that negatively affect their daily lives. Therefore, in considering the use of medications, the physician must consider the athlete's duration of symptoms, the benefit of medication versus side effects, and whether the input of a clinician experienced in concussion management would be helpful prior to initiating medication treatment 54 . Commonly reported symptoms following sports-related concussion include headaches, sleep disturbances, and cognitive deficits 11, 33, 35 . Use of analgesics for treatment of headaches, such as ibuprofen, may have short-term benefits. However, side effects, such as rebound headaches, have been reported; hence, frequent use should be discouraged 55 . Antidepressants, particularly amitriptyline, have also been used to treat headaches following concussions; however, their efficacy is unclear 53 . Other agents reported in the literature include b-blockers, antiepileptics, triptans, and gabapentin 53, 56 . Emotional sequelae following sports-related concussions, particularly depression, are common 54, 57, 58 . While most episodes are self-limited and managed conservatively, recalcitrant cases may require pharmacologic intervention. Both tricyclic antidepressants and selective serotonin reuptake inhibitors have been used with success for the treatment of brain injury-related depression 54 . The administration of these medications is best left to clinicians who are experienced in managing depression. Finally, the use of methylphenidate and amantadine for the management of cognitive deficits, such as a lag in concentration and mental processing speed, has been reported. While there are randomized placebo-controlled trials documenting their efficacy in improving performance on attention tasks, other similar quality studies have demonstrated equivocal results as well [59] [60] [61] [62] . In addition to prescription medication, dietary supplements have also recently gained public media coverage for so-called brain protection following concussion 63 . Fish oil, or omega-3 fatty acid, has been reported to possibly have a protective effect on a concussed brain 64, 65 . Mills et al. evaluated the effect of high-dose fish oil supplements in an experimental rodent brain injury model 65 . The investigators demonstrated evidence of decreased axonal injury in animals treated with fish oil for thirty days compared with control animals following brain injury. These results are promising, given that fish oil supplements have a relatively benign side-effect profile. However, further supportive work is needed prior to widespread use of this medication in human athletes.
Return to Play and Rehabilitation After Concussive Injuries
Most athletes who have sustained a concussion will have resolution of symptoms after two weeks and a return of neuropsychological testing to baseline in seven to ten days 66 . McCrory et al. outlined three main components for return to play: evaluation of subjective symptoms, neuropsychological assessment, and balance testing 6 . These factors are consistent with the internationally accepted return-to-play criteria 6 : 1. The athlete must be asymptomatic at rest. 2. The athlete must be asymptomatic with full cognitive and physical exertion.
3. Balance testing must return to baseline. 4. Neurocognitive testing must return to baseline. Once symptom-free at rest, an athlete who has sustained a concussion is permitted to begin rehabilitation toward return to play in a stepwise fashion (Table V) . The graded protocol was first proposed by the Canadian Academy of Sport Medicine and has been endorsed by the CIS group 7, 67 . Each step should take at least twenty-four hours. Hence, a concussed athlete requires at least five days to progress through the protocol prior to resumption of full game participation, provided concussive symptoms do not recur. Recurrence of symptoms may indicate incomplete recovery, and a twenty-four-hour asymptomatic rest period is required prior to attempting the previous step again. Certain factors, such as younger age and athletes with high postconcussion symptom burden or premorbid cognitive and learning disability, may require more time between each step 15, 50, 68 .
Prevention Measures for Sports-Related Concussions Education
Preventive measures for sports-related concussion are paramount in high-risk sports. Education and recognition of sportsrelated concussion remain central in the preventive process. Modern day athletes are bigger, stronger, and faster, resulting in more violent collisions 69 . Therefore, the players' understanding of the types of impact that may be at high risk for injury is important for concussion preventive purposes. Proper tackling techniques also reduce risks for injuries in the case of American football. Rule changes include regulations against leading with the head or ''spear tackling'' in football 70 . These changes in behavior continue to be a work in progress, as many football players believe that their particular sport requires aggressive behavior 71 . The NFL has distributed informational brochures and posters for locker rooms of professional football players on how to recognize and properly manage concussion. The CDC modified this for youth sports in its Heads Up initiative with verbiage that is more appropriate for younger individuals, families, and coaches 31 (Table I) . Education has a role not only in prevention but also in treatment following a sports-related concussion. Ponsford et al. demonstrated that concussed individuals who were supplied with educational material and informed on the expected course of recovery along with coping strategies fared better in terms of residual symptoms at three months compared with the nonintervention group 72 .
Helmets and Mouth Guards
Helmets have been shown to decrease head injuries and concussion risk by reducing the acceleration of the head on impact 73, 74 . Football, hockey, and skiing organizations either advocate or require helmet use at all levels 73, 74 . The evidence for helmet use and concussion prevention in some sports, such as soccer, is inconclusive 75, 76 . Helmet designs, particularly football helmets, have evolved to reduce concussion injuries. Features include specialized interior laminar shock absorbers that allow differential response to impact levels and exterior shell modifications aimed at improving energy attenuation from blows (Fig. 1) 77 . Studies evaluating the new helmet technology have been promising 77, 78 . One study that evaluated newer football helmet technology in high-school athletes demonstrated a 31% decrease in relative risk and 2.3% decrease in absolute risk for concussion 77 . Laboratory studies of a newer helmet technology have suggested a potential 10% decrease in the risk of reproduced concussion hits 78 . Football helmets equipped with an accelerometer to provide real-time in-game helmet collision data, which may be beneficial for alerting the sideline medical staff of a dangerous collision, have also been developed 79 . Unlike helmets, the role of mouth guards in the prevention of concussion is controversial. There is lack of conclusive evidence that the use of a mouth guard reduces sports-related concussion [80] [81] [82] . The use of mouth guards, however, does reduce the risk of dental trauma, and the importance of mouth guards in collision sports in that regard cannot be diminished.
Complications

Postconcussion Syndrome
As defined by the World Health Organization, postconcussion syndrome is the persistence of any of the following symptoms after a concussion: headaches, dizziness, fatigue, irritability, difficulty with concentration and mental tasks, memory impairment, insomnia, and reduced tolerance to stress 83 . Postconcussion syndrome after concussion should be suspected if the above symptoms persist more than one to six weeks after the initial injury 84 . Makdissi et al. demonstrated that the initial concussion symptom burden is somewhat predictive of the duration of cognitive defects 85 . Athletes who presented with four or more concussive symptoms, headache that lasted more than sixty hours, and fogginess or fatigue took longer to recover 85 . Once symptoms have persisted for more than a few weeks, they often persist for and may be resistant to treatment. Anxiety and depression are reported by more than a third of patients with persistent postconcussion syndrome 57, 58, 86 . Current data to guide treatment of postconcussion syndrome are lacking. Most therapies, as detailed earlier in the section on the role of medications, are focused on medical treatment of symptoms of postconcussion syndrome 52, 53 . Nonmedication therapies, including vestibular rehabilitation, have also shown promise in treating specific postconcussion syndrome symptoms such as persistent dizziness and balance dysfunction following concussion 87, 88 . A recent investigation has also suggested a beneficial effect of subsymptom threshold exercises in decreasing postconcussion symptoms and returning both athletic and nonathletic individuals back to activity 49 . The advantages of treatments such as vestibular rehabilitation and subsymptom threshold exercises over medications include the avoidance of potential adverse reactions and side effects, which may be seen with drug therapy.
Second Impact Syndrome
Second impact syndrome is believed to occur when an athlete sustains two successive head injuries before symptoms from the first insult have resolved. The statistics regarding the occurrence of this entity following sports-related concussions remain largely unknown 30, 89 . The pathomechanics may be related to failure of cerebral autoregulation, which result in cerebral vascular congestion, diffuse brain swelling, and possibly death 30, 89 . The morbidity and mortality following second impact syndrome are frequent and severe 90 . Whether the phenomenon is truly the product of two separate successive head insults or a single severe injury remains a topic of debate.
While the nature of the insult leading to second impact syndrome is unclear, young athletes are preferentially vulnerable to this rare condition. With the exception of the boxing athlete, nearly all published cases of second impact syndrome are in the adolescent population 90 . The disparity may highlight the increased susceptibility of a child's brain to damage and swelling as well as a different cerebral autoregulatory response to injury in children relative to that in adults 90 . The preventive strategy for second impact syndrome highlights the concept that a concussed athlete should be completely asymptomatic prior to returning to sports and activities.
Chronic Traumatic Encephalopathy
Unlike concussion and postconcussion syndrome, which are temporary states, chronic traumatic encephalopathy is a neurodegenerative disease that occurs years after recovery from head trauma 91, 92 . Symptoms typically emerge later in life after an athlete has already retired from his or her sport. Early symptoms may include behavioral changes such as irritability, apathy, and depression. Cognitive dysfunction can include poor episodic memory and executive dysfunction. Late onset motor abnormalities including speech and movement may also emerge 91 . Clinical and neuropathic evidence of chronic traumatic encephalopathy have been shown with various sports including Distinct football helmet design features aimed at reducing head injuries and concussions include an exterior shell with an increased crown offset, an extension anterior to and distal to traditional shell shapes along the wearer's mandible, and an improved interior liner construction. The new liner configuration over the zygoma and mandible improves energy attenuation when blows are delivered to the side of the head or face.
boxing, football, professional wrestling, hockey, and soccer. The prevalence of chronic traumatic encephalopathy is unclear because of a lack of diagnostic tests. It could vary depending on the sport, duration of exposure, age at the time of the initial trauma and subsequent reinjury, as well as genetic disposition 91, 92 . While the exact predisposition factors for chronic traumatic encephalopathy are not elucidated, younger age at exposure, larger magnitude of head trauma, and multiple repetitive concussions are all believed to be risk factors for chronic traumatic encephalopathy 91 . Characteristic postmortem neuropathologic findings of chronic traumatic encephalopathy include tau-immunoreactive inclusions, beta-amyloid deposits, and TDP-43 proteinopathy 92, 93 .
Retirement from Sports
Determining when an athlete should retire from sports because of concussion is often difficult for all individuals involved. The basis for an athlete's decision to retire from competition can be attributed to the severity of acute symptoms following a concussion, the duration and disability related to postconcussion syndrome, and the cumulative deleterious effects of repetitive concussive episodes that lead to decline in performance on and off the field 29, [94] [95] [96] . Further complicating the situation are the societal and financial implications for an athlete who is considering retirement. Currently, there are no evidence-based guidelines for consideration of retiring an athlete from a sport because of concussion 96 . Use of imaging modalities to evaluate for structural abnormalities that may predispose an athlete to further injury as well as neuropsychological testing may be valuable in evaluating and counseling an athlete contemplating retirement. Involvement of a neuropsychologist may be beneficial in difficult cases. Ultimately, the decision to retire is highly individualized. Table VI represents factors for consideration in season-ending and careerending scenarios in the setting of sports-related concussion 96 .
Overview
The management of the athlete who has sustained a concussion is complex and requires a multidisciplinary team approach for optimal care. Guidelines for sideline and outpatient management continue to be refined as our knowledge regarding relationships between risk factors and disease severity expands. While improvement in protective equipment is important, the education of our players, families, and coaching staff along with changes in game rules may be more important as prevention strategies. The role of the sideline team physician in this process cannot be understated. While the media has a role in raising awareness among the mainstream community, concussion care should be driven and tested by scientific peer review and not media anecdotes. n 
